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VI. CONCLUSION
We have discussed multiuser multicell detection through BSC in an
uplink high-frequency reuse scenario. DID has been introduced as an
interference mitigation technique for networked MIMO systems. We
have compared soft and hard information exchange and cancelation
schemes and proposed a novel hard information exchange strategy
based on the concept of RMP. The proposed DID-RMP algorithm
significantly reduces the backhaul data compared with the soft infor-
mation exchange while it obtains a better BER performance.
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Abstract—Path loss modeling for both regular and irregular terrains is
still gaining significant attention from researchers. A sloped terrain is one
specific kind of an irregular terrain that—as far as we are aware—has
not been completely studied. Although some results have been published
for slope path loss modeling in cellular communication, an adequate
model for the case when the transmitter (Tx) and the receiver (Rx) both
have low-height antennas and are located on or near a slope does not
exist. In this paper, for complete analysis of such conditions, we consider
four scenarios: 1) two vehicles are located at opposite ends of the slope;
2) one vehicle is on the slope, and the other vehicle is beyond the slope
crest; 3) one vehicle is on the slope, and the other is away from the slope
at the bottom; 4) both vehicles are on the slope. For scenarios 1 and 2,
we have developed analytical path loss models. We have also made some
corroborating measurements for scenario 1. Scenarios 3 and 4 are ad-
dressed by models already in the literature. Simulation results for two
vehicles traveling toward, on, and then beyond a slope (a sequence of our
scenarios) are also shown to illustrate how sloped-terrain path loss varies
in contrast to the typical flat-earth condition. Our models for scenarios 1
and 2 add to the literature and can be used to numerically estimate path
losses for vehicle-to-vehicle (V2V) communication over a slope.
Index Terms—Path loss, vehicle-to-vehicle (V2V).
I. INTRODUCTION
T HE TOPIC of path loss modeling has gained a great deal ofattention, for multiple environments, frequency bands, and appli-
cations. Despite the rich literature, we have found only limited work on
specific models for path loss when the transmitter (Tx) and the receiver
(Rx) are both near or on a slope when antennas are at low heights.
We provide new results here for cases not specifically addressed in
the literature, which are applicable, for example, for vehicle-to-vehicle
(V2V) communication systems.
Path loss over irregular terrains has been investigated by a number
of researchers over the years. Okumura et al. proposed correction
factors to the propagation loss curves for sloped-terrain scenarios for
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Fig. 1. Four scenarios of communication over a slope.
frequencies 450–900 MHz and path distances 5–10 km [1]. Edwards
and Durkin in [2] and Dadson in [3] proposed a terrain-based technique
to reconstruct the path loss profile for a point-to-point link between
a Tx and an Rx. Longley and Rice [4] introduced methods and a
computer program for computing median path loss over an irregular
terrain. In [5] and [6], the authors showed that using a single terrain
irregularity is not sufficient to represent measured terrain effects with
accuracy. Murphy [7] produced a statistical model for predicting
propagation loss over an irregular terrain using data collected from
several areas. In [8], Lee provided two placement situations for a base
station and an Rx communicating over a sloped terrain, for which
path loss models were generated. Ohira et al. [9] and Nisirat [10]
proposed path loss prediction models for a sloped terrain in small-sized
cells. All these cited references employ elevated base-station antennas.
Wang et al. [11] described and classified some important V2V channel
measurement campaigns and models. In [12], Cheng et al. proposed
a dual-slope path loss model (for a flat terrain) for the V2Vchannel
at 5.9 GHz in suburban areas, and Karedal et al. [13] proposed
novel V2V path loss models for urban, suburban, rural, and highway
scenarios but did not address the sloped-terrain case. Cheng et al. [14]
proposed a generic and adaptive geometry-based stochastic model for
nonisotropic multiple-input–multiple-output mobile-to-mobile Ricean
fading channels but also did not address the sloped-terrain case.
The models by Okumura et al. [1], Lee [8], and Ohira et al. [9] all
concentrated on modeling the path loss over a sloping terrain in cellular
communication with an elevated base-station antenna. However, for
V2V communication, both Tx and Rx antennas are at low heights
(∼1.5 m), significantly differing from the cellular case. Such a feature
requires that we consider blockage resulting from the slope edge in
some conditions. Furthermore, cellular base stations are usually built
at the top or bottom edge of a slope; however, in V2V communication,
the vehicles can be anywhere above, below, or on the actual slope,
requiring a more careful analysis to accurately model this V2V propa-
gation condition.
There are four scenarios for communication over a slope, as shown
in Fig. 1: 1) vehicles are located at opposite ends of the slope, actually
off the slope itself; 2) one vehicle is on the slope, whereas the other
vehicle is away from the top end, off the slope (or beyond the slope
crest); 3) one vehicle is off the slope away from the bottom end,
and the other vehicle is on the slope; and 4) both vehicles are on the
slope.
In this paper, we derive path loss models for scenarios 1 and 2. The
path loss models for scenarios 3 and 4 are addressed by appropriate
parameter choices in the “Lee 3-ray model” [8] and the “flat 2-ray
model” [15], respectively. We also derive results for the case when one
platform (Tx or Rx) or both are at a distance such that the slope’s crest
blocks either the line of sight (LOS) or ground-reflected component
Fig. 2. V2V communication occurring on a slope (scenario 1).
or both in scenarios 1 and 2. Our measurements indicate that the
knife-edge diffraction can model the “slope diffraction” of scenario 1
fairly well.
The remainder of this paper is organized as follows. In Section II,
we provide the analysis for the slope path loss model for scenarios 1
and 2. Section III presents measurement data that are compared with
the theoretical derivation. Section IV contains conclusions.
II. SLOPE PATH LOSS ANALYSIS
A. Scenario 1
Here, we have vehicle one (V 1) located near the foot of a slope with
effective height H and tilt angle α, and vehicle two (V 2) is on the top
of this slope. This is shown in Fig. 2.
The heights of antennas mounted on vehicles V 1 and V 2 are
denoted H1 and H2, respectively. The distances of the two vehicles
from the slope edges are d1 and d2, respectively. Simply, geometry
gives the LOS distance between the two antennas, i.e., dLOS, as
dLOS =
√
(d1 +Hco t(α) + d2)
2 + (H +H2 −H1)2. (1)
Referring to Fig. 1, basic trigonometry yields the following relation-
ships for several of the sides of triangles denoted ΔBCG, ΔJNM ,
ΔKNL, and ΔADK:
AF =(AB +BC) cos(α) = H1 cos(α) + d1 sin(α) (2)
KL =(KN −MN) cos(α) = |H2 cos(α)− d2 sin(α)| (3)
AD =AF − FD = H1 cos(α) + d1 cos(α)






where we have used R=(d1+Hcot(α)+ d2)2+ (H2+H −H1)2
and S=(H1 cos(α)+d1 cos(α)−|H2 cos(α)−d2 sin(α)|)2. Using
Δ AFI ∼ Δ KLI , we obtain AI/KI = AF/KL = FI/(FL−
FI). Hence
FI =AF · FL/(AF +KL) (6)
AI =
√
AF 2 + FI2. (7)
Using the obvious relationship dREF = AI + IK together with




where we have also used T = 4(H1 cos(α) +
d1 sin(α))(|H2 cos(α)− d2 sin(α)|). The length difference between
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Fig. 3. Slope diffraction model for V2V communication (scenario 1).
the LOS and reflected components is d = dREF − dLOS, given by
the difference of (1) and (8). The corresponding phase difference is
ϕ = 2πd/λ.
The field strength at the receiving antenna due to the direct wave
is Ed = E0/dLOS, and the total received field Ei is the sum of the
direct and reflected components in scenario 1. (We tacitly assume
that the antenna gains for both components are the same.) With the
usual assumption that the free-space attenuation of both the direct and
reflected components due to distance is essentially the same, we have
the total field magnitude as
Ei = ELOS +EREF = Ed
√
(cos(Δ ϕ) + Γ)2 + sin2(Δ ϕ) (9)
where Γ = |Γ|ejθ is the reflection coefficient of the slope. In this
paper, we consider coefficients for both vertical and horizontal po-
larizations [10] using Γv and Γh to represent these two reflection
coefficients. From [8], the value of the far-field electric fields at the











where E0 is the transmit field strength at the Tx.
Using (8), (10), and [9, eq. (3.15)] and the geometric parameters d1,
d2, H , H1, H2, and α to compute for R and T , along with wavelength




∣∣∣(1 + Γv(h))2 − 4Γv(h) sin2(πλ (√R+ T −√R))
∣∣∣ .
(11)
If one or both of the two vehicles on opposite ends of the sloped
terrain are at sufficient distance from the slope’s crest (point J in
Fig. 2), the LOS path may be obstructed by the slope, and only a
diffracted wave can reach the Rx. This situation can be approximated
by the knife-edge diffraction model [9]. First, we deduce a critical
condition of occurrence of this slope diffraction model.
A coordinate system is set up with origin at point O (0, 0). As shown
in Fig. 3, if intersection point F , at coordinates between the direct line
between antennas at points A and K and the y-axis, is below point J ,
the LOS path is entirely blocked. Therefore, when line AK intersects
the y-axis at point F , we obtain the critical condition of occurrence
of this slope diffraction model. The coordinates of these points
are as follows: F (0,H +H2 − (H2 +H −H1)d2/[d1 + d2 +
Hcot(a)]); A(−d1 −Hcot(α),H1); K(d2,H2 +H); J(0,H). The
straight-line equation for line AK is then easily found as
y = [(H2 +H −H1)/ (d1 + d2 +Hcot(α))]x+H +H2
−(H2 +H −H1)d2/ (d1 + d2 +Hcot(α)) . (12)
Fig. 4. Path loss of flat 2-ray model and slope path loss model with H =
3 m, 5 m, and 10 m, and α = π/10 (scenario 1).
Inserting point J(0,H) for the y-value into this line equation, the
critical condition can be expressed as
H1d2 +H2Hcot(α)−Hd2 +H2d1 = 0 (13)
and this critical condition can be applied to judge whether a LOS path
exists by making (14) above 0 (LOS) or below 0 (non-LOS).
We choose the knife-edge model for the slope diffraction case
because of its simplicity. As will be shown later, this is supported
by our measurements. Referring to Fig. 2, we can express several
additional parameters mathematically. Angle α, distance l1 from V 1
to the bottom end of the slope, and distance l2 from V 2 to the top end
of the slope can be expressed as
Φ = arctan ((H −H1)/ (Hcot(α) + d1))− arctan(H2/d2) (14)
l1 = d1 +Hcot(α) (15)
l2 = d2. (16)
Inserting (14)–(16) into [15, eq. (3.56)], the diffraction parameter v
is obtained, and then, we apply this to [15, eq. (3.6.1a)–(3.6.1e)]
to calculate the extra knife-edge diffraction loss Ld. The path loss
between V 1 and V 2 is then computed by using the free-space path
loss plus diffraction loss Ld.
Example results for this case are shown in Fig. 4. The geometric
parameters are slope height H = 3 m, 5 m, and 10 m; slope tilt angle
α/10; distance of V 1 from the slope end d1 = 0 m; and reflection
coefficient Γv is computed for vertical polarization for the given
incident angle (considering average ground conditions [8]) at 5.2 GHz.
In addition, plotted in Fig. 4 for comparison are the flat 2-ray model
results. As shown in Fig. 4, the slope path loss model has a fluctuating
amplitude for short distances (−1 ≤ log(d2) ≤ 1) and exhibits greater
attenuation than the flat 2-ray model by more than 10 dB when the
slope height is large. The slope pass loss attenuation then sharply
increases when the LOS path is obstructed due to the slope crest, and
propagation is only by diffraction. Note that the larger the height of
the slope, the shorter the distance at which obstruction occurs, and
this effect is analogous to that of increasing the slope tilt angle. When
H = 0, α = 0, and Γv = −1, our slope 2-ray model will degenerate
to the flat 2-ray model [15].
B. Scenario 2
For the scenario of two vehicles, where vehicle V 1 is on the actual
slope with effective height H and tilt angle α, and vehicle V 2 is on
the flat terrain beyond the slope crest, two path loss models are derived
for different conditions at small distances; these two conditions are
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Fig. 5. Path loss of flat 2-ray model and slope path loss with H =
3 m, 5 m, and 10 m, and α = π/10 (scenario 2).
specified by whether the antenna phase center of vehicle V 1 is above
the slope crest. Because of the similarity to the derivation for scenario 1,
for brevity, we only list the primary new equations for this scenario.
When the antenna phase center of V 1 is below the slope crest, only
a LOS path is received at V 2. In this case, we use a free-space model
to express the path loss Lii,1 for condition 1, i.e.,







where we have used U = (d1 +Hcot(α) + d2)2 + (−H ′1 +H +
H2)
2, and H ′1 is the equivalent height of V1 on the slope, given by
H ′1 = |d1| tan(α) +H1/ cos(α).
In contrast to the given condition, for the second condition, a LOS
component and a component from the flat (top surface) reflection are
received at V 2. The 2-ray path loss Lii,2 for condition 2 is















where V = (d1 +Hcot(α) + d2)2 + (H ′1 −H +H2)2, and W =
(d1 +Hcot(α) + d2)
2 + (−H ′1 +H +H2)2.
In Fig. 5, three curves are shown to illustrate the variations of
the slope path loss in scenario 2 with different slope heights (H =
3 m, 5 m, and 10 m). For small values of d2, there are fewer path loss
fluctuations in scenario 2 than in scenario 1 (cf., Fig. 4); this is because
when vehicle V 1 is on the slope, the slope reflection component is
more easily blocked by the slope crest. For the slope diffraction at
larger values of d2, the effect of the diffraction is identical to that of
scenario 1.
C. Slope Path Loss Versus Time
A simulation result for communication over a slope for a combi-
nation of four scenarios in sequence is described in this section. The
simulations all begin with V 1 (back) and V 2 (front) at the bottom
end of the slope at some initial separation distance from each other.
We use dseparation = 3 m, 50 m, 100 m, and 500 m. This separation
distance remains constant, and in the simulation, the vehicles move
with identical constant velocities of 5 m/s toward the slope (height of
3 m and tilt angle of π/10), onto the slope, then beyond the slope over
Fig. 6. Slope path loss versus time when V 1 and V 2 move at 5 m/s at
separation distance values dseparation = 3 m, 50 m, 100 m, and 500 m, with
slope height H = 3 m and tilt angle α = π/10.
the simulation duration. The simulation time is 100 s and the spatial
sampling interval of the four scenarios is 5 m.
Fig. 6 shows the variation of path loss versus time. For the blue
dotted line (triangles), V 1 (back) and V 2 (front) are 50 m away from
each other at first, then V 2 moves onto the slope, while for a time,
V 1 is still moving along the flat terrain (prior to the slope’s bottom
point), which corresponds to scenario 3 and where 3 rays (LOS, slope
reflection, and flat ground reflection) exist. The path loss stays approx-
imately constant at 81 dB. When V 2 moves onto the slope top after
about 2 s, the conditions quickly change to scenario 1, and this lasts
for approximately 5 s. The path loss fluctuates by a very small amount
around 81 dB. Since the LOS component is blocked by the slope crest
at 6 s, the path loss rapidly increases to 100 dB. At approximately
t = 11 s, V 1 begins moving onto the slope, a LOS path reoccurs,
which reduces the path loss rapidly to 80 dB. Then, V 1 also arrives
at the slope crest at 11 s, and the scenario changes from scenario 2 to
the usual flat 2-ray. Thus, the path loss decreases to 78 dB and remains
at that value for the remainder of the simulation. The conditions per-
taining to the black solid line (circles) and red dashed lines (asterisks)
are similar to those of the blue dotted line (triangles) except that only
scenarios 1 and 3 exist for the black solid line (circles). For results of
the green line (dash-dotted, “plus” symbols), the separation distance is
our smallest value dseparation = 3 m. Here, at t = 0 s, both vehicles
are on the flat terrain prior to the slope, and the conventional 2-ray
model loss is 72 dB. At t = 1 s, both V 1 and V 2 are moving on the
slope, and this is scenario 4. The path loss is 62 dB. For the following
1 s, V 2 begins to move past the slope crest, whereas V 1 continues to
move on the slope, changing the scenario from 4 and 2. The path loss
decreases to 58 dB. The two vehicles both move beyond the slope crest
after 3 s, and the (2-ray) path loss becomes 62 dB and stays constant.
In practice of course, such abrupt attenuations, as shown in Fig. 6,
will not occur, and actual path loss will follow a smoother curve. Ad-
ditional multipath components from other objects in the environment
(e.g., parked cars and buildings) may also be present and, along with
diffuse-scattered components, will tend to make the path loss plots
appear “noisy.”
III. MEASUREMENT RESULTS
To assess the accuracy of our slope path loss model for scenario 1,
measurement data were collected at a slope near the campus of the
University of South Carolina, Columbia, SC, via channel sounding
equipment, on December 29, 2012. In the measurements, the slope
is located at geographic coordinates North latitude 33.9888◦, West
longitude 81.02246◦, and the slope was 3.49 m high with a 20.9◦ tilt.
The measurements were on a section of Bull Street, between Heyward
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Fig. 7. Theoretical and measured path loss in a slope (scenario 1). Inset: detail
for short distance; d = 0 − 8.5 m.
Street (slope bottom) and Whaley Street (slope top) in downtown
Columbia.
Our measurement equipment is a modified version of the “Raptor”
spread-spectrum-stepped correlator by Berkeley Varitronics System,
Inc. [16]. The signal center frequency was 5.12 GHz. This spread-
spectrum sounder used a chip rate of 50 MHz, which corresponds to
a time-domain resolution of 20 ns. Vertical-oriented omnidirectional
quarter-wave monopole antennas were used for both the Tx and the
Rx. The transmit power was approximately 33 dBm. The output of
the Rx came in the form of power-delay profiles (PDPs); hence, we
summed up the power in all received components to obtain the total
received power. The Tx and Rx antennas were each mounted on
0.9-m-high carts. The Tx was fixed at the bottom of the slope, and
the Rx moved in steps of size 50 cm for the first 10 m and in steps of
size 5 m for the remaining 110 m to the top of the slope.
Fig. 7 shows measured path loss versus Rx-slope crest distance,
along with our analytical results. There are some buildings around
this slope set back from the street on both sides of this slope. These
buildings potentially provide additional paths via reflections to the
Rx, which makes the measured path loss smaller than the theoretical
value. To remove the effect of these extra multipath components to
better compare with our analysis, we removed the longer-delayed
multipath components after the peak (LOS) component and likely
ground reflection and diffraction. The unprocessed measurement data
and processed measurement data are denoted raw measurement data
and modified measurement data, respectively. The median modified
measurement data (blue squares) show an increase in path loss of
approximately 2.5 dB compared with the median raw measurement
data (green squares) in Fig. 7, bringing the measurement results within
a few decibels of the analytical results.
At each distance, over 1000 PDPs were collected. Within the first
8.5 m, there is a reflected path along with the LOS path at the Rx;
therefore, the path loss should follow the slope 2-ray model. In Fig. 7,
we can see that the measurement data are distributed around the
theoretical line, which supports our proposed slope 2-ray model. After
the 8.5-m distance, the measured path loss increases because the LOS
path is obstructed by the slope crest, which corresponds to the slope
diffraction model. The Lee model is also used to compare with the
measurement data. As shown in Fig. 7, the path loss of the Lee model
is almost 8 dB smaller than that of the measurements and is not as
accurate as our proposed model.
IV. CONCLUSION
In this paper, we have proposed path loss models for communication
with low-height antennas on a slope, which can be separated into four
scenarios. For scenarios that have not been addressed in the literature
(scenarios 1 and 2) we derived mathematical expressions for the path
loss at short distances and determined the critical condition for when to
apply a slope diffraction model (computed using the knife-edge model)
when the Tx and the Rx are at larger distances. Finally, we conducted
measurements for scenario 1 on an actual slope to compare results
with those of our proposed path loss model. The measured data agree
fairly well with that computed by our theoretical model, supporting
our model’s utility.
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